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Abstract
The Rho GTPases Rac1 and Cdc42 have been implicated in the regulation of axon outgrowth and guidance. However, the downstream
effector pathways through which these GTPases exert their effects on axon development are not well characterized. Here, we report that
axon outgrowth defects within specific subsets of motoneurons expressing constitutively active Drosophila Rac1 largely persist even with
the addition of an effector-loop mutation to Rac1 that disrupts its ability to bind to p21-activated kinase (Pak) and other Cdc42/Rac1
interactive-binding (CRIB)-motif effector proteins. While hyperactivation of Pak itself does not lead to axon outgrowth defects as when
Rac1 is constitutively activated, live analysis reveals that it can alter filopodial activity within specific subsets of neurons similar to
constitutive activation of Cdc42. Moreover, we show that the axon guidance defects induced by constitutive activation of Cdc42 persist even
in the absence of Pak activity. Our results suggest that (1) Rac1 controls axon outgrowth through downstream effector pathways distinct
from Pak, (2) Cdc42 controls axon guidance through both Pak and other CRIB effectors, and (3) Pak’s primary contribution to in vivo axon
development is to regulate filopodial dynamics that influence growth cone guidance.
© 2003 Elsevier Inc. All rights reserved.
Keywords: Axon guidance; Rac1; Cdc42; Pak; Drosophila; Growth cone; Filopodia
Introduction
Members of the Rho subfamily of small GTPases are key
regulators of cell migration and adhesion (Hall, 1998). In a
neuronal growth cone, receptors that mediate axon out-
growth and guidance work in part through Rho GTPase
signaling pathways (Driessens et al., 2001; Gitai et al.,
2003; Hu et al., 2001; Jin and Strittmatter, 1997; Li et al.,
2002; Rohm et al., 2000; Vastrik et al., 1999; Wahl et al.,
2000; Wong et al., 2001). The Rho GTPases Rac1 and
Cdc42, in particular, have been implicated in the regulation
of axon outgrowth, guidance, and branching in vivo (Allen
et al., 2000; Hakeda-Suzuki et al., 2002; Kaufmann et al.,
1998; Kim et al., 2002; Kozma et al., 1997; Lundquist et al.,
2001; Luo et al., 1994; Ng et al., 2002; Struckhoff and
Lundquist, 2003).
The Rho GTPases regulate cytoskeletal dynamics and
other intracellular events by cycling between GTP-bound
active and GDP-bound inactive states that, in turn, are
regulated by guanine nucleotide exchange factors (GEFs)
and GTPase activating proteins (GAPs) (reviewed in Van
Aelst and D’Souza-Schorey, 1997). For example, the Rho-
GEF Trio activates Rac1 and analysis of Caenorhabditis
elegans unc-73/trio and Drosophila trio mutants have dem-
onstrated that Trio plays a key role in mediating axon
outgrowth and guidance (Awasaki et al., 2000; Bateman et
al., 2000; Newsome et al., 2000; Steven et al., 1998). Slit-
robo GAPs (srGAPs) inactivate Cdc42 and inhibition of
srGAP1 activity has been shown to block the repulsive
activity of Slit (Wong et al., 2001). These studies, as well as
previous studies in Drosophila in which Rac1 or Cdc42 was
either inactivated or constitutively activated (Allen et al.,
2000; Kaufmann et al., 1998; Luo et al., 1994; Sone et al.,
1997), together provide evidence that the precise regulation
of Rac1 and Cdc42 is essential for normal axon develop-
ment.
Studies using loss-of-function Rac mutants have demon-
strated a differential requirement for multiple Rac genes in
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Fig. 1. Axon defects in Rac1 and Cdc42 mutants. (A, B) Wild-type development of SNb and ISN (A) and SNa (B) motor axons. (A) SNb axons (SNb), after
reaching the ventrolateral muscle cells 6, 7, 12, and 13, exhibit stereotypic growth cone turnings: a posteriorly directed turn between muscles 6 and 7, a
posteriorly directed turn at the proximal edge of muscle 13, and a bidirectional turn at the proximal edge of muscle 12 (out of focus). ISN axons (ISN) exit
the CNS and extend out to the most dorsal (distal) muscles (to the right of frame). (B) SNa axons (SNa) extend out of the CNS in a fascicle distinct from
ISN and, upon reaching the lateral oblique and transverse muscles, fork into distally and posteriorly directed branches. (C–H) Axon defects in motoneurons
expressing Drac1 mutant proteins: dominant negative Drac1 (elav-GAL4/UAS-Drac1N17; C, D), constitutively active Drac1 (UAS-myc::Drac1V12/;
elav-GAL4/; E, F), and constitutively active Drac1 with an additional Y40C effector-loop mutation (UAS-myc::Drac1V12C40/; elav-GAL4/; G, H). (C,
D) SNb and SNa motor axons expressing Drac1N17 occasionally extend beyond their target muscles (arrows in C and D). (E, F) SNb, ISN, and SNa motor
axons expressing Drac1V12 fail to extend out of the CNS. (G, H) Outgrowth defects in ISN axons, but not SNb axons, expressing Drac1V12 are suppressed
by the Y40C mutation (G), while SNa motoneurons expressing Drac1V12C40 that exit the CNS stall prematurely (arrow in H). (I–L) Guidance of motor axons
expressing Dcdc42 mutant proteins: constitutively active Dcdc42 (elav-GAL4/UAS-myc::Dcdc42V12; I, J) and constitutively active Dcdc42 with the Y40C
mutation (UAS-myc::Dcdc42V12C40/; elav-GAL4/; K, L). (I) SNb motoneurons expressing Dcdc42V12 stall prematurely (arrow), while ISN axons are
normal. (J) SNa motor axons expressing Dcdc42V12 misroute or stall before reaching their target muscles (arrow). (K, L) SNb, ISN, and SNa motor axons
expressing Dcdc42V12C40 exhibit normal guidance. Scale bar, 10 m.
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Fig. 2. Summary of axon defects in Rac1 and Cdc42 mutants. (A, B) Frequencies of axon defects are summarized for ISN, SNa, SNb/d, and SNc motor axons
in Rac1 (A) and Cdc42 (B) mutants. (A) All motoneurons expressing Drac1V12 exhibited severe axon outgrowth defects. With the expression of Drac1V12
that contained the additional Y40C effector mutation, only ISN and SNc axons exhibited a significant suppression of the outgrowth defect (asterisks, P 
0.001 with 2 test). (B) Motoneurons expressing Dcdc42V12 exhibited axon defects that were qualitatively distinct from those expressing Drac1V12 (see text).
Dramatic suppression of axon defects was observed in motoneurons expressing Dcdc42V12 with the additional Y40C mutation (asterisks, P  0.001). In
addition to Canton S, all parental controls were examined and their scores were indistinguishable from Canton S (0–6% axon defect for each group of axons;
n  100–108 half-segments).
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axon development. In Drosophila, differential activation of
Rac1, Rac2, and Mtl can regulate axon growth, guidance,
and branching (Ng et al., 2002), while the C. elegans rac-
like genes, ced-10, mig-2, and rac-2, have been shown to act
redundantly during axon outgrowth and guidance (Lun-
dquist et al., 2001). These studies indicate that the down-
stream pathways for the Rho GTPases are often redundant
and nonlinear. Although these as well as numerous other
studies demonstrate the importance of the Rho GTPases in
axon development, the key downstream cellular events, as
well as those effector pathways responsible for each, have
not been analyzed.
One potential effector of both Rac1 and Cdc42 is the
Cdc42/Rac1 interactive-binding (CRIB)-motif protein p21-
activated kinase (Pak). Pak has been shown to regulate the
formation of focal complexes (Harden et al., 1996; Manser
et al., 1997) and also mediate axon targeting in Drosophila
photoreceptor and olfactory neurons (Ang et al., 2003; Hing
et al., 1999). Expression of Drosophila Rac1 mutants un-
able to bind CRIB-motif effectors in a Rac1 mutant back-
ground was able to rescue axon growth and partially rescue
guidance (Ng et al., 2002). Also, our previous work dem-
onstrated that axon guidance defects attributed to constitu-
tive activation of Drosophila Cdc42 can be suppressed by
introducing effector-loop mutations that inhibit binding to
CRIB effectors (Kim et al., 2002). These results are con-
sistent with another work demonstrating a requirement for
Drosophila Pak in axon targeting but not outgrowth (Hing
et al., 1999). However, a direct assessment of Pak function,
especially in the context of axon outgrowth, has not been
available. In particular, whether Pak can mediate cytoskel-
etal reorganization within the neuronal growth cone and,
more importantly, whether this has a direct effect on axon
development in vivo has not been demonstrated.
In this study, we conducted an in vivo “behavioral”
analysis of growth cone dynamics with respect to its regu-
lations by Rac1, Cdc42, and Pak. We attempted to deter-
mine their relations and also isolate some of their down-
stream events and components that are contributing to their
ability to control axon development. Specifically, we com-
pared the development of axons expressing a constitutively
active version of Rac1 with those expressing a constitu-
tively active version of Cdc42 in vivo. We tested the idea
that Rac1 and Cdc42 mediate disparate roles during axon
development through independent effector pathways by ex-
amining the effects of effector-loop mutations in constitu-
tively active Rac1 and Cdc42 mutants. Furthermore, we
assessed the role of the CRIB effector Pak in axon devel-
opment by examining motor axon guidance in Drosophila
Pak mutants and by utilizing a live in vivo analysis ap-
proach to characterize Pak’s role within the growth cone.
Our results begin to demonstrate that Rac1 and Cdc42 work
through separate effector pathways to mediate axon devel-
opment and that Pak likely contributes to part of Cdc42-
mediated growth cone guidance by regulating filopodial
activity.
Materials and methods
Fly stocks
Neuronal expression of transgenes relied on the GAL4/
UAS expression method. GAL4 expression was controlled
by the pan-neuronal GAL4 drivers elav-GAL4 (source: L.
Luo, Stanford University) and GAL4C155 [source: C. Good-
man, University of California, Berkeley; (Lin et al., 1994)].
UAS-myc::Drac1V12 (myc-tagged Drac1 with a constitu-
tively active mutation, G12V), UAS-myc::Drac1V12A37, and
UAS-myc::Drac1V12C40 (myc-tagged Drac1V12 with an ad-
ditional effector-loop mutation, F37A or Y40C), and UAS-
Dcdc42V12.2 were newly constructed (see below). UAS-
Drac1N17 (Luo et al., 1994), UAS-myc::Dcdc42V12 and
UAS-myc::Dcdc42V12C40 (Kim et al., 2002), and UAS-
gapGFP (Ritzenthaler et al., 2000) are as described. UAS-
Pakmyr and its core molecular design as well as Pak6 and
Pak11 alleles are as described (Ang et al., 2003; Hing et al.,
1999). Canton S strain was used as a wild-type control.
Site-directed mutagenesis
cDNA encoding Drac1 (source: L. Luo, Stanford Uni-
versity) was tagged with the myc epitope and used as a
template for site-directed mutagenesis by using site-overlap
extension (Ho et al., 1989). After being confirmed by DNA
sequencing, mutant Drac1 cDNA’s were inserted into the
pUAST transformation vector (Brand et al., 1994).
Immunocytochemistry
Immunocytochemistry was performed on embryos with
mAb 1D4 [1:40 dilution; source: C. Goodman, University
of California, Berkeley; (Grenningloh et al., 1991)] and/or
anti-myc mAb 1-9E10.2 [1:1000 dilution; source: Develop-
mental Studies Hybridoma Bank, University of lowa; (Evan
et al., 1985)] by following the method as described previ-
ously (Wolf et al., 1998).
Live filopodia visualization
GFP-expressing embryos were fillet-dissected live in in-
sect saline and visualized as described previously (Kim et
al., 2002).
Results
Rac1 activation disrupts axon outgrowth
In order to reveal the cellular events that occur down-
stream of the Rho GTPase Rac1 in developing axons in
vivo, we uncoupled these events from a neural complement
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of signaling inputs that feed into Rac1 and analyzed them in
isolation. Activated forms of Rac1 have been previously
shown to disrupt axon outgrowth (Allen et al., 2000; Luo et
al., 1994). Consistent with these reports, we observed severe
outgrowth defects in peripheral motor axons that expressed
a constitutively active version of Drosophila Rac1
(Drac1V12). In wild type, segmental nerve b (SNb) mo-
toneuron axons exit the CNS and, upon approaching the
ventrolateral (proximal) muscles, defasciculate from one
another at stereotypic sites before innervating specific target
muscles (Fig. 1A, SNb). However, when made to express
Drac1V12, SNb motor axons completely failed to emerge
from the CNS (Figs. 1E and 2A). SNa motoneuron axons
normally extend out of the CNS in a fascicle distinct from
ISN and, upon reaching the lateral oblique and transverse
muscles, fork into distally and posteriorly directed branches
(Fig. 1B, SNa). However, SNa motor axons expressing
Drac1V12 also completely failed to exit the CNS (Figs. 1F
and 2A). In wild type, the intersegmental nerve (ISN) root
exits the CNS and extends out to the most distal (dorsal)
muscles (Fig. 1A, ISN). In contrast, ISN axons expressing
Drac1V12 failed to extend out of the CNS in 93% of the
cases (Figs. 1E and 2A). These observations suggest that
out-of-context activation of pathways downstream of Rac1
in axons increases their susceptibility to outgrowth defects.
These axon outgrowth defects are not observed in mo-
toneurons expressing a dominant negative version of Rac1
(Drac1N17). Although expression of Drac1N17 leads to oc-
casional defects in the SNb and SNa motoneurons, they are
able to extend their axons out of the CNS in all cases
observed (Fig. 1C and D). In some cases (16%), the lateral
branch of SNa motor axons that are expressing Drac1N17
actually extends beyond its target muscles (Fig. 1D, arrow).
This is analogous to previous reports demonstrating that
dominant negative Rac1 causes axon overgrowth in the
giant fiber in Drosophila (Allen et al., 2000). Combined
with the Drac1V12 data, these results suggest that Rac1 is
playing an important role in axon extension and, further,
that the proper regulation of Rac1 is critical during axon
outgrowth.
Cdc42 activation causes axonal defects distinct from Rac1
activation
The Drosophila homologue of Cdc42 (Dcdc42) is 70%
identical to Drac1 at the amino acid level (Luo et al., 1994).
In addition, Rac1 and Cdc42 can bind and activate a number
of shared downstream effectors, including Pak (Aspen-
strom, 1999; Van Aelst and D’Souza-Schorey, 1997). Yet,
despite their similarities, expression of constitutively active
Cdc42 (Dcdc42V12) using the same pan-neural elav-GAL4
driver led to phenotypes that were qualitatively distinct
from those of neurons expressing Drac1V12 (summarized in
Fig. 2). Whereas motoneurons expressing Drac1V12 always
exhibited severe outgrowth defects, the same axons, when
expressing Dcdc42V12, often exhibited misrouting or stall-
ing before reaching their target muscles, phenotypes better
classified as guidance defects (Fig. 1I and J).
These differences in phenotype suggest that the axon
outgrowth defects in motoneurons expressing constitutively
active Rac1 are specific to Rac1 and not Cdc42. It is un-
likely that all of these differences can be explained as a
result of a disparity in dosage as immunostaining with myc
antibody revealed a similar level of expression for these
proteins (data not shown). Although Rac1 and Cdc42 can
activate a common set of effectors in vitro, the distinct
effects observed in vivo that result from the activation of
these similar GTPases suggests that each are likely acting
through independent effector pathways.
Rac1 effector-loop mutations fail to suppress outgrowth
defects
One strategy we employed to discern which potential
effector pathways are mediating Rac1- and Cdc42-depen-
dent axon development is an effector-loop mutation strategy
derived from studies in fibroblasts (Joneson et al., 1996;
Lamarche et al., 1996). Using this strategy, we previously
showed that axon guidance defects resulting from the con-
stitutive activation of Cdc42 could be suppressed by the
addition of an effector-loop mutation (Y40C) that affects
the ability of Cdc42 to bind to CRIB-motif proteins (Kim et
al., 2002). Similar to Cdc42, introduction of an Y40C mu-
tation in Rac1 disrupts its ability to bind and activate CRIB
proteins (Joneson et al., 1996; Lamarche et al., 1996). In
order to evaluate whether Rac1-activated CRIB proteins
play a role in axon outgrowth, we took the Drac1 gene and
added the Y40C mutation to the constitutively active G12V
mutation. Using the resultant Drac1V12C40 transgene, we
examined whether this effector-loop mutation could sup-
press the axon outgrowth defects resulting from the consti-
tutive activation of Rac1. By performing these experiments
in a constitutively active Rac1 background, we can isolate
the events downstream of Rac1, irrespective of upstream
events, to better delineate the roles of the effector proteins.
As noted above, ISN and SN roots exhibited axon out-
growth defects in almost all cases when the motoneurons
expressed Drac1V12 (Fig. 2A). When expression of
Drac1V12C40 was driven by the same elav-GAL4 driver,
both the ISN (Fig. 1G) and SNc root (83 and 66% normal,
respectively) displayed a significant suppression of the orig-
inal outgrowth defect in Drac1V12 embryos (Fig. 2A). On
the other hand, other subsets of axons showed little sign of
phenotypic suppression. In particular, SNb and SNd mo-
toneurons expressing Drac1V12C40 exhibited the same phe-
notype that was observed in Drac1V12 embryos in that their
axons completely failed to emerge from the CNS in 100%
of the cases (Figs. 1G and 2A). Overall, the Y40C mutation
is only partially effective in suppressing the axon outgrowth
defects resulting from expression of constitutively active
Rac1, suggesting that non-CRIB effectors of Rac1 are likely
involved in outgrowth control.
286 M.D. Kim et al. / Developmental Biology 262 (2003) 282–293
In contrast to Rac1, all motoneurons expressing
Dcdc42V12C40 exhibited a significant suppression of the
original guidance defects in Dcdc42V12 embryos (Figs. 1K
and L and 2B). Hence, this hinted that certain CRIB-motif
effectors whose binding to Rac1 was affected by the Y40C
mutation may play a relatively minor role in axon out-
growth, but may mediate Cdc42-dependent growth cone
guidance more significantly. Therefore, the data so far are
consistent with Rac1 and Cdc42 primarily signaling down-
stream to functionally different effector pathways.
Pak activation does not affect axon outgrowth
We next examined the roles of a candidate downstream
effector, the CRIB protein Pak, during axon development.
Two possible scenarios emerge if Pak were to play a role as
a downstream effector in the context of axon development.
In the first scenario, Pak acts as a specific downstream
effector of Rac1 and is directly responsible for Rac1-depen-
dent axon outgrowth. In the second scenario, Pak is not
directly responsible for Rac1-dependent outgrowth but may
Fig. 3. Development of motoneuron axons expressing hyperactivated (myristylated) Pak. (A) Wild-type development of SNb motor axons. (B) SNb motor
axons expressing myristylated Pak (Pakmyr; UAS-Pakmyr/; elavGAL4/) are sometimes misguided or stalled before reaching their target muscles (arrow
in B). (C) Frequencies of axon defects in motoneurons expressing Pakmyr, Drac1V12, and Dcdc42V12. Motor axons expressing Pakmyr fail to mimic phenotypes
associated with constitutive activation of Rac1 (asterisks, P  0.001)
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mediate other Rac1- and/or Cdc42-dependent behaviors in
the growth cone. In order to distinguish between these two
scenarios, we expressed a hyperactivated form of Pak in all
neurons and asked whether activation of Pak can mimic
axonal phenotypes resulting from the activation of either
Rac1 or Cdc42.
Fig. 4. Axon defects in Pak mutants expressing activated Cdc42. (A, B) Axon defects in SNb and ISN (A) and SNa (B) motoneurons expressing constitutively
active Dcdc42 (GAL4C155/; UAS-Dcdc42V12.2/). (C, D) SNb (C) and SNa (D) motoneurons expressing Dcdc42V12 in a Pak6/Pak11 mutant (GAL4C155/;
UAS-Dcdc42V12.2/; Pak6/Pak11) exhibit guidance defects nearly identical to those expressing Dcdc42V12 in a wild-type background. (E, F) Pak6/Pak11
mutants exhibit lower frequencies of axon defects in SNb (E) and SNa (F) motoneurons than those expressing Dcdc42V12 in either a wild-type or Pak6/Pak11
mutant background (asterisks, P  0.001). The dominant phenotype in these motor axons (hatched area) is distinct from those expressing Dcdc42V12 (see
text). (G) Frequencies of axon defects are summarized for ISN, SNa, SNb/d, and SNc motor axons in wild type, expressing Dcdc42V12, expressing Dcdc42V12
in a Pak6/Pak11 mutant background, and in a Pak6/Pak11 mutant background alone.
Fig. 5. Time-lapse analysis of SNb growth cones. (A–D) Time-lapse images of GFP-labeled neurons show dynamic filopodial activity in SNb motor growth
cones in an hour 12 wild-type embryo (wild type; A, B) and an hour 12 embryo expressing myristylated Pak (Pakmyr; C, D). Arrowheads in (A) and (C)
indicate individual filopodia. (B) and (D) each show a 5-min clip from a movie of (A) and (C), respectively. The filopodia were digitally traced (A, black
lines) in every frame and measured as described previously (Kim et al., 2002). Scale bar, 10 m. (E) Filopodial lengths (mean s.e.m.) in various genotypes:
wild-type control (wild type; GAL4C155/; UAS-gapGFP/, UAS-gapGFP/; elav-GAL4/), myristylated Pak (Pakmyr; UAS-Pakmyr/UAS-gapGFP;
elav-GAL4/), and constitutively active Cdc42 (Cdc42V12; UAS-gapGFP/; elav-GAL4/UAS-Dcdc42V12). (F) Filopodial extension and retraction rates in
various genotypes. Asterisks in (E) and (F) indicate significant deviation from wild-type controls (P  0.01 with two-tailed t test), and percentage changes
(%) from wild-type levels (gray lines) are indicated.
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A membrane-anchored version of Pak (Pakmyr), gen-
erated by fusing a myristylation signal from Drosophila
Src1 to the N terminus of Pak, has been previously shown
to display a dose-dependent dominant gain-of-function
phenotype in photoreceptor cells (Hing et al., 1999).
When Pakmyr was driven by the elav-GAL4 driver, motor
axons did not exhibit any outgrowth defects (summarized
in Fig. 3C). SNb motoneurons expressing Pakmyr did
exhibit guidance errors in 32% of the cases, either failing
to innervate their target muscles or stalling before reach-
ing them (Fig. 3B, arrow). However, the stalling occurred
in the ventral musculature, as opposed to a failure to
Fig. 6. Time-lapse analysis of LBD growth cones. (A–D) Time-lapse video images of GFP-labeled neurons show dynamic filopodial activity in LBD growth
cones in an hour 12 wild-type embryo (wild type; A, B) and an hour 12 embryo expressing myristylated Pak (Pakmyr; C, D). (B) and (D) each show a 5-min
clip from a movie of (A) and (C), respectively. Asterisks, arrowheads, and arrows in (B) and (D) follow some individual filopodia through their extensions
and retractions. (E) Filopodial lengths (mean s.e.m.) in various genotypes (see Fig. 5 for genotypes). (F) Filopodial extension and retraction rates in various
genotypes. Asterisks in (E) and (F) indicate significant deviation from wild-type controls (P 0.01), and percentage changes (%) from wild-type levels (gray
lines) are indicated.
extend out of the CNS, as was the case with SNb mo-
toneurons expressing Drac1V12 (Fig. 1E). Thus, hyperac-
tivation of Pak did not mimic the phenotypic effects of
constitutively activating Rac1 (Fig. 3C), suggesting that
Pak likely does not act downstream of Rac1 during axon
outgrowth.
Cdc42 activation causes axonal defects in the absence of
Pak
As noted above, the axon defects caused by hyperacti-
vation of Pak share more similarities with those caused by
constitutive activation of Cdc42. Namely, portions of the
axonal phenotypes observed in both cases are best described
as guidance defects rather than outgrowth defects (compare
Fig. 3B with Figs. 1I and 4A). It is therefore possible that
Pak and/or other CRIB proteins are acting as downstream
effectors of Cdc42 during axon guidance. Here, we tested
the idea that Pak plays a crucial role as a downstream
effector of activated Cdc42 during axon guidance. We ex-
pressed Dcdc42V12 in a Pak null genetic background and
asked whether the axon guidance defects resulting from
activation of Cdc42 could be suppressed in the absence of
Pak.
Motor axons in a Pak6/Pak11 mutant background exhibit
guidance defects, which have not been described previ-
ously. SNb/d and SNa motor axons often (21 and 22%,
respectively) overextend and bypass their target muscles
(Fig. 4E–G). However, these guidance defects are distinct
from those of motoneurons expressing Dcdc42V12, in which
the dominant phenotypes for SNb/d and SNa are axon
outgrowth and guidance defects (Fig. 4A and B).
When we expressed Dcdc42V12 in a Pak6/Pak11 mutant
background, motor axons exhibited guidance defects that
were nearly identical to those expressing Dcdc42V12 alone.
SNb/d and SNa motor axons often exhibited misrouting and
stalling, similar to the guidance defects in motor axons
expressing Dcdc42V12 (compare Fig. 4A and B with Fig. 4C
and D; summarized in Fig. 4G). Taken together, these data
suggest that, although Pak plays a role during axon devel-
opment, activated Cdc42 can work through other CRIB
effectors to exert its influence on axon guidance.
Pak activation affects filopodial activity similar to Cdc42
activation
Previous studies have demonstrated that the Rho
GTPases, Cdc42 in particular, tap into divergent down-
stream events and can separately control different aspects of
growth cone behavior, such as filopodial activity and
growth cone turning (Kim et al., 2002). Even though our
data did not reveal Pak as a mediator of either Rac1-induced
axon outgrowth defects or Cdc42-induced axon guidance
defects, the possibility remains that Pak is regulating other
Rac1- and/or Cdc42-dependent behaviors in the growth
cone. Since Pak and Cdc42 activation have similar effects
on motor axon guidance and Cdc42 activation alters growth
cone filopodial dynamics, we examined whether activation
of Pak affects the filopodial dynamics of live growth cones
similar to activation of Cdc42. We therefore coexpressed
Pakmyr and a membrane-targeted GFP (gapGFP) using the
elav-GAL4 driver and visualized the filopodial dynamics of
the SNb motor growth cones and those of the LBD sensory
neuron growth cone (Kim et al., 2002). In wild-type con-
trols, the growth cones of SNb motor axons had filopodia
that maintained an average length of 6.44  0.06 m and
rates of extension and retraction that were 3.59  0.10 m
and 3.54  0.10 m, respectively (Fig. 5A and B, E and
F). When Pakmyr was expressed within these growth cones,
the average filopodia length increased by 7%, while both the
rates of extension and retraction increased by 6% (Fig. 5C
and D, E and F). SNb motor growth cones expressing
Dcdc42V12 exhibited filopodial properties similar to those
expressing Pakmyr (Fig. 5E and F).
Expression of either Pakmyr or Dcdc42V12 also led to
significant increases in the filopodial activities of LBD
growth cones (Fig. 6E and F). In wild-type controls, growth
cones of LBD neurons had filopodia that maintained an
average length of 4.40  0.06 m and rates of extension
and retraction that were 2.63  0.10 and 2.69  0.10
m/min, respectively (Fig. 6A and B, E and F). When
Pakmyr was expressed within these growth cones, the aver-
age filopodia length increased by 40%, while the rates of
extension and retraction increased by 52 and 43%, respec-
Fig. 7. Roles of Rac1 and Cdc42 during axon development. This model is
based on the in situ analysis of identified axonal growth cones presented in
this study. GTP-bound (activated) Cdc42 mediates axon guidance by ac-
tivating Pak and other CRIB effector proteins. Activated Pak regulates
filopodial activity. Other CRIB effectors likely regulate nonfilopodial cy-
toskeletal dynamics. These collectively mediate growth cone guidance.
GTP-bound Rac1, on the other hand, primarily mediates axon outgrowth
through non-CRIB effector proteins. Together, Pak and other Cdc42 and
Rac1 effectors control a repertoire of axon behaviors during development
in vivo. Thick arrows indicate direct activation, while thin arrows do not
necessarily indicate a direct relationship.
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tively (Fig. 6C–F). Although the change in filopodial dy-
namics was not immediately evident in still pictures, frame-
by-frame data analysis of the time-lapse movies revealed
the significant increase in filopodial parameters as a result of
Pak activation, demonstrating the effectiveness of our in situ
analysis. The increase in filopodial parameters was similar
to those in the same growth cones expressing Dcdc42V12
(Fig. 6E and F). These data suggest that Cdc42 is able to
regulate filopodial dynamics through Pak activation.
Despite increasing the filopodial parameters of the
growth cone, hyperactivation of Pak did not affect the out-
growth of the axon of the LBD neurons (data not shown) as
well as any of the motoneurons we examined (Fig. 3C). Pak
can therefore regulate cytoskeletal dynamics in a growth
cone, yet such changes can occur without significantly af-
fecting axon outgrowth.
Discussion
Our studies support the idea that Rac1 mediates axon
outgrowth through downstream effector pathways that are
distinct from those that mediate Cdc42-dependent guidance.
This is based on the following: First, by using mutants of
Rac1 and Cdc42 that render them constitutively active, we
can effectively isolate the downstream cellular events that
each is responsible for during axon development. Rac1 and
Cdc42 likely work through different effector pathways as
constitutive activation of each leads to distinct phenotypes
(summarized in Fig. 2). Second, an effector-loop mutation
that disrupts Cdc42’s ability to bind CRIB-motif proteins
can effectively suppress axonal defects resulting from con-
stitutively active Cdc42 (Fig. 2). In contrast, the parallel
mutation in Rac1 only partially suppresses defects resulting
from constitutive activation of Rac1 (Fig. 2). Finally, acti-
vation of Pak, a CRIB effector for both Rac1 and Cdc42,
leads to guidance defects and increased filopodial activities
similar to those seen in activated Cdc42 mutants, but not
activated Rac1 mutants (Figs. 3–6).
We favor a model in which Rac1 mediates axon out-
growth mainly through effector proteins that do not possess
the CRIB-motif, while Cdc42 mediates growth cone guid-
ance primarily through CRIB proteins (Fig. 7). As activa-
tion of the CRIB protein Pak did not lead to axon outgrowth,
but rather, guidance defects, Pak does not seem to play a
direct role in Rac1-dependent outgrowth. This model is
consistent with reports demonstrating that Pak is not re-
quired for axon outgrowth, at least during its initial phase,
but is required during proper guidance and targeting of
axons in a later phase (Hing et al., 1999). This, however,
does not necessarily exclude Pak from playing a significant
role in other Rac signaling pathways that mediate axon
development as other studies suggest (Ng et al., 2002).
Closer examination of growth cone behavior begins to
reveal nonlinear signaling events. The ability of activated
Pak to enhance filopodial activity similar to what activated
Cdc42 achieves suggests that Pak likely plays a role in
Cdc42-mediated growth cone guidance that depends on
filopodial activity control (Fig. 7). In this context, however,
Pak’s contribution to filopodial regulation is thought neces-
sary, but not entirely sufficient, to dictate proper guidance.
Also, Pak may not be the sole effector responsible for
Cdc42-dependent filopodial activity. In our previous stud-
ies, CRIB proteins affected by the Y40C mutation in con-
stitutively active Cdc42 did not play a role in filopodial
regulation (Kim et al., 2002), suggesting that other effectors
are likely playing redundant roles in mediating filopodial
activity. In addition, the persistence of guidance defects in
motoneurons expressing Dcdc42V12 in a Pak null genetic
background further suggests that Cdc42 is likely working
through other CRIB effectors, in addition to Pak, to mediate
its effects on growth cone behavior and guidance (Fig. 7).
By isolating cellular events downstream of Rac1 and
Cdc42 through the use of constitutively active mutants, we
have begun to dissect the effector pathways responsible for
axon development. As constitutively active mutants lock the
GTPases in an active GTP-bound state, we can examine
downstream events irrespective of GTPase activation. Fur-
thermore, by coupling effector-loop mutations with the con-
stitutively active mutation, a role for specific effectors be-
comes more evident. More studies that isolate effector
pathways are necessary to complement existing studies.
In conclusion, our previous (Kim et al., 2002) and
present studies using in situ analysis support the general
view that cytoskeletal dynamics, outgrowth, and guidance
are not necessarily coupled directly under the activation of
Rac1 or Cdc42. Instead, these studies imply that a complex
repertoire of growth cone behaviors are being mediated
parallely as a meshwork of events, and that the workings of
Pak and other Rac1 and Cdc42 effector proteins, many of
which are yet to be examined in situ, collectively contribute
to proper axon development.
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